Chemical Engineering 612

Reactor Design and Analysis

Lecture 6
Criticality Theory




Spiritual Thought 2

D&C 101: 16

Therefore, let your hearts be
comforted concerning Zion; for
all flesh is in mine hands; be still
and know that | am God.




Bare Slab Reactor Solution

2
¢ .

— — = —B? reactor equation

dx? ¢ :
a a iy

0 (E) = ¢ (— E) = ¢'(0) =0 boundary conditions

¢(x) = Acos(Bx) + Csin(Bx) general solution

¢C=0 from symmetry or by substitution - '
¢(x) = Acos(Bx)
N

¢(a/2) =0 Eigenvalues from boundary conditions I
-~ B = nr — all n important in transient solution,
" a only n=1 important for steady solution a

2
B2 — _ld_qb B?% is buckling (prop. to flux curvature) a
1 d 2 <
¢ dx
. The constant A is as yet undetermined and relates |nfinite plane indicates
- “to the power. There are different solutions to this no net flux from sides

problem for every power level.
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Bare Slab Reactor Power

a/2
P = ERis d(x)dx
—-a/2

Eris the recoverable
energy per fission

P = ZAa:RZf sin (Z—;)

p(x) = zaEsz;l:in(”“) c05 (%C) -

2a

< \
Power Scales with flux ! a \

al |/

Infinite plane indicates
no net flux from sides




Spherical Reactor

12 d (rzﬁ) BZ¢ reactor transport equation
r< dr dr
¢(R) — ¢r(0) — 0 boundary conditions
sin(Br) cos(BT) |
p(r)=A + C general solution
r r
C = from symmetry or by substitution
sm(Br) specific solution
r
R
Eigen values
2 sin (n_r)
bucklin 5]
) T () =A—=




Spherical Reactor Power

Integrate over 2 symmetric dimensions —
transform volume integral to radial integral

R
P = ERXs ff d(r)dV = 4nERfor2q5(r)dr
o~ 0 i
R|R (7R TR
P = 47TERZfA— — S1n (T) — R cos (T)
T R R/,
again, power is proportional to
flux and highest at center .
. (TY
P sin (f) \

P = Tz Rr




Infinite Cylindrical Reactor

1d( d d* 1d
(r df) = —B%¢p = d_r(f + ;d—(f reactor transport equation

¢(R) =¢'(0) = 0;|¢p(r)] <  boundary conditions

d*¢ N 1dg (52 m?\ |
a2 dr 2 ¢ = zero-order (m=0) Bessel equation
_ general solution involves Bessel
$(r) = AJo(Br) + CYo (Br) functions of first and second kind
¢(r) = AJo(Br) flux is finite
X
B, = fn roots of Bessel functions - /\
¢ is zero at boundary R N /
B x 2 405 5
- E first root
R

4] solution (power
— Jo > production determines A)

C
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Infinite Cylindrical Reactor Power

R
transform volume
P = ERZf ffj $(r)dV = ZﬂERfo r¢(r)dr integral to radial
0

integral —

R 2.4057 becomes power
P = ZﬂEszj 7‘]0( R )d’l" per unit length
R ° 7
| ®hodx’ = 01,0 Y
0 R
b= 2.405
(r) = 0.738P 2.405r N
P =Rt \ TR

~vu again, power is proportional to power and highest at center




Finite Cylindrical Reactor

10 [dp\ 0%¢ , |
el few + 3,2 = —B“¢ reactor transport equation
N )3 f\ boundary conditions
(8.1 =000 =6 (nz) =o(-3) -0
¢ (r,z) =R(r)Z(2) separation of variables
10 [0p\ 0%°¢p Z 0 (OR 0%Z 5
r or (a) Yo v (a) tRoaR="5 ﬁ“\)
10 (OR 104Z \ It
- +-—R = —B*
Ror \or ) Z0z* 5

since R and Z vary independently, both portions of R

the equation must equal (generally different)
:M.<,(,_»,Znstants, designated as By and B, respectively \_/

T <




Finite Cylinder Solution

——|r— | = —-B3R a problem we already solved, w/ same bcs
ror\ Oor
2.405
= R(T') = A 0 T
0°Z , .
—— = —BZZ again a problem we already solved, w/ same bcs
822 /\

A \ Ut 4

= /(z) = A cos—
(z) =

_ 2.405 nz R
d(r,z) =AJ, (—ﬁ r) COS —

B? = B + B} N A

solution is the product of the infinite cylinder and infinite slab solutions

Buckling is higher than for either the infinite plane or the infinite cylinder.
~.~ Buckling generally increases with increasing leakage, and there are
j more surfaces to leak here than either of the infinite cases.




Neutron Flux Contours

Neutron flux in finite cylindrical reactor

3D contours of

3D contours of 3D contours w q
neutron flux at color scaled to neutron flux at
low power

high power magnitude —
intermediate
power




Neutron Flux Contours

Neutron flux in finite parallelepiped (cubical) reactor

3D contours of

3D contours of 3D contours w :
neutron flux at color scaled to neutron flux at
low power

high power magnitude —
intermediate
power




Fast Neutron Life Cycle

 What happens to fast neutrons?

fast neutron leakage
n 1l j
~—p fast fission
n’T l
) resonance
fuel fission absorption
; fast
while
f il absorp.
slowing
, thermal neut. down
nobn—flss. absorption
absorp.
sl by fuel
+ thermal neutron
absorption by |«

non-fuel (

thermal neutron leakage

non-fuel
absorption




Multiplication Factor

neutrons at point in cycle

k.re = — - -
eff neutrons at same pomt n prevlous generatlon

!

Kepr =—

Kerr = EP’?fPA];LPﬁLL

ko = €pnf




Reactor Considerations

Increase Power?

Decrease Power?

Most Reactors have K_>1, but cancel excess out with
absorptive “poisons”, which are removed with time.

Reactors designed to not reach prompt supercriticality
If K. INnCcreases, “feedback” effects resist increase

What if we want to change amount of fuel or moderator?
— Impacts various “six factor” parameters
— Changes K¢



One-Group Six Factor Formula

n' = nepnfP) P&h

n next generation neutrons
n neutrons produced per thermal fission
€ ratio of total neutrons to thermal neutrons (1.0-1.08)
p resonance escape probability (0.8-0.9)

ZFquVF
f a
Zg¢FvF+ZIC\l/F¢NFvNF

thermal utilization = (0-1)

F
n fission factor = vz—’; (2.0-2.2)

a

PA’,CL non-leakage of fast neutrons = exp(—BZ27) (near 1)

1
non-leakage of thermal neutrons = -

252 (near 1)




Bare Reactor Summary

. 2 A Q — ¢max
geometry Buckling (B?) Flux é.
2
plate —1D i Acos ™ 157P/aE,s, 1.57
a a
2 2 2
plate —3D (zj +| = +(£j Acos Z cos™ cos 3.85P/¥E.YX, 3.88
a b C a b C
2
cylinder —1D (%j AJ{%) 0.738P/R’E.s, 2.32
2 2
cylinder —3p [ 2292} L[ ™ AL (229900 363PIVE.s, 3.64
R H R H

2
sphere (—j ~ sin % P/4R’E.X,  3.29




Critical Buckling

| — Vi value of k for critical reactor
S, + DB2
Vif — 2q value of B when k = 1
= B4 =
D
VZf — Za . . .
B} = - critical material buckling
, ko —1 tric buckli
Bf =—0 geometric buckling
VI —2g ko —1 geometric and material buckling must

D L2 be equal for a critical reactor




Resonance Escape Probability

* Probability of neutron
slowing down without
being absorbed

. __ thermalized neutrons AR MO AALA AL A A O A
p neutrons that slow 3i
JORRE
° p < 1 é 10 -
* Highly dependent on
. o 10" -
resonance region 3
— _ 2 ol
d p Hl pl = 10 E
- NFVF f O-a(E) dE ‘: 1l | | Wby gl g idil g gl Foawil ¢ pemlog pn
) sMVM l 1+0'a(E)/0_0 E 1010 . 108 o7 oE wd et 0¥ w2 ow' et
Neutron energy (MeV)
NgVp ) )
I _ 4 A-1) A+1 B a - 2
( EZSMVM eff §=AMu=1 >4 lr1A_1—1+1_alna_—2

3
2 éleff —_ 4‘4‘5 + 266 /4/pD
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